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Abstract: A mechanical beam-scanning reflectarray (RA) antenna is presented for Ka band.
The 1D steering of the beam is achieved through linear in-plane panel translations, which
can be implemented at low cost using a rail-mounted moving RA panel. Compared to
related works, a highly uniform beam level is achieved with a remarkably compact antenna
profile. A new technique is also proposed to mitigate the high side lobes caused by the
compact antenna optics, achieving an estimated 2.3 dB reduction in maximum SLL. The
manufactured prototype has a panel size of 256.4 by 187.2 mm with 2898 elements, and an
F/D of only 0.47. A measured scan loss of 1.1 dB is achieved over a 45-degree scanning
range. The measured gain is 31.6 dBi and the aperture efficiency is 24.7% at the design
frequency of 29.5 GHz, with SLL between —9.4 and —17.5 dB. In-band measurements show
a 1 dB bandwidth from 28 to over 32 GHz (11.9%).

Keywords: reflectarray antennas; steerable antennas; mechanical beam steering; mm-wave

1. Introduction

Modern low Earth orbit (LEO) satellite communication systems are reshaping broad-
band connectivity by providing global coverage with reduced latency compared to tradi-
tional geostationary (GEO) high-throughput satellites (HTSs). These systems offer greater
flexibility and scalability by relying on gradually deployable and expandable constellations
of smaller satellites [1]. LEO constellations require highly flexible user terminals capable
of continuous beam tracking to maintain seamless connectivity with fast-moving satel-
lites. Small phased arrays are often used to achieve this reconfigurability, as traditional
parabolic reflector antennas cannot provide the wide-angle scanning required for this
application [2]. However, these terminals face particularly stringent cost requirements to
allow mass adoption, and thus, reducing their complexity is a major priority [3].

Spatially fed arrays (SFAs) are positioned as a competitive solution for modern recon-
figurable mm-wave terminals. Low manufacturing costs are enabled by mature PCB [4-6]
or 3D-printing [7-9] technologies for the array elements. Furthermore, the use of low-
profile planar surfaces allows for easy stowage and integration to various platforms [10,11].
Electronically reconfigurable antennas can be achieved by introducing active components
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to the array elements, e.g., via integrated electronics [12-14] or MEMS [15,16]. These how-
ever add costly components and control circuitry, sacrificing part of the simplicity and
affordability of SFAs. Alternatively, multiple feeding elements can be used to illuminate a
passive SFA, each one steering the beam in a different direction. Beam switching can then
be used to steer the beam, at the expense of complex feeding configurations and antenna
optics [17-19].

Mechanical beam steering is a more accessible option that relies on translations and
rotations of the feed or panel, trading mechanical complexity and lower aperture efficiency
for affordability and a simpler control system with a significantly lower power consumption.
Some implementations based on Risley prisms use two co-axially rotating surfaces to
achieve 2D steering at the expense of the complexity and losses of two SFAs [20-22]. One-
dimensional wide-angle steering can be achieved by moving the feed along a focal arc
while pointed towards a fixed point on the aperture [23-26]. Another common approach
that prioritizes mechanical simplicity relies on linear panel translations to achieve 1D
steering [9,27], avoiding movements and re-orientations of the feeding RF chain. This
improves the long-term reliability of the system at the cost of requiring a larger antenna
volume to support the movements of the panel.

This work presents a compact and cost-effective RA antenna capable of 1D beam
scanning in the Ka band. In-plane panel translations are used to steer the beam. This
scanning approach excels in mechanical simplicity, requiring only a light rail-mounted
panel controlled by a low-power motor. An iterative process is used to design the phase
response of the RA, progressively expanding its steering range while controlling its scan
losses. At every iteration, the radiation requirements are updated and the phase response of
the RA is adjusted using a multi-focal optimization algorithm. Once a range of 45 degrees
is achieved, a novel technique is proposed to reduce the SLLs. The phase response is
refined to avoid partially collimating phase patterns in the directions where the highest side
lobes are predicted, achieving an estimated reduction in maximum SLL of 2.3 dB. Despite
having an F/D of only 0.47, the antenna achieves a low measured scan loss of 1.1 dB and a
moderate gain of 31.6 dBi at 29.5 GHz.

2. Antenna Definition

The geometry of the presented antenna is shown in Figure 1. One-dimensional steering
is achieved through in-plane linear panel translations, which are used to control the portion
of the aperture that is illuminated. The position of the center of the panel is defined by an
offset d in the x-axis, which relates to the steering angle. The feed is a commercial 11.5 dBi
linear-polarized rectangular horn, model LB-28-10-C-KF from A-INFOMW. It is selected to
achieve a compact setup thanks to its low directivity. The feed is located at x; = —66.1 mm,
and a tilt of @ = 26° is introduced to avoid the beam distortions caused by feed blockage
for the beam steering angles 8 > 0° in the XZ-plane. The feed-to-panel distance F is set to
88 mm, or 8.66 Ay, at the design frequency of 29.5 GHz, and the size of the panel orthogonal
to the translation is set to D, = 187.2 mm. These two values result in an illumination taper
of —11.6 dB on the longer panel sides and a very low F/ Dy, ratio of 0.47. The E-plane of the
feed and the reflected beam coincides with the XZ-plane for all beam directions.

Designing an RA relies on the accurate modeling of the electromagnetic field on the
panel. For any given panel position, the incident field is obtained from a full-wave HFSS
simulation using Ansys HFSS (Release 2023R1) [28]. The tangential reflected and incident
field components can then be related at each cell of the lattice as follows [29]:

(E;(7H)> _ (Pn,xx Pn,xy) ) (Ek(ﬁz)) (1)
E;(?n) pn,yx pn’yy E]l/(?n) !
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Position of the
feed:(zy,0, F)

where 7, = (X, Yn, z) is the position of the n-th element. p;; v and py, yy are its direct linear
reflection coefficients, which can typically be approximated as the ideal phase shifters,
¢/?nxiv . Furthermore, the cross-polarization coefficients py, and pyy can be neglected if
a cell with good polarization purity is selected. This simplifies the design process into
selecting the shifts ¢, |, that each element should introduce. For the presented antenna
geometry and polarization, the focus is on the ¢, » phase response, and the x-notation will
be dropped for clarity. To avoid grating lobes, square cells of side p = 0.4A¢ (4.07 mm) are

d>0—>0 >0,

considered in the following analysis.

Position of the panel
center: (d, 0,0)

Beam-scanned semi-
plane: o =0° 6 > 0°

Figure 1. Mechanical beam-scanning RA antenna using linear in-plane movements: antenna optics
(left) and illustration of the relation between the panel position and the steering angle (right).

It is known from array theory that beam collimation requires a progressive linear
phase on the reflected field [30]. This can be achieved by selecting the phase shift for each
cell to compensate for the delay of the impinging field, ZEL (7, ). When the panel is at an
arbitrary position d, and particularizing for ¢ = 0° for the intended scanned plane, the
maximum collimation towards a direction 6 requires a phase law

¢n = —koxy sinby — ZEL(Fy). )

As the panel shifts out of this position, the beam is de-focused, changing its gain and
pointing angle. To estimate the radiation performance of a given phase law and panel
position, the incident field is first obtained for that panel position. Then, the reflected field
on the panel is calculated using (1), assuming the phase shifting elements are ideal. Then,
the radiation pattern is calculated using the second principle of equivalence, as described
in [31]. To analyze the continuous translation path, it is discretized into finely spaced
positions. For convenience, the discretization step is selected to match the element spacing
p. The notation dj will be used to identify the position of the panel d;, =k - p.

3. Multi-Stage Design

In order to achieve good scanning performance, the RA response needs to be tailored
to the entire panel translation path, rather than to a fixed position and radiation angle. This
path can be discretized into a set of positions d = {dy,d+1,d4, ...}, each with a matching
radiation angle 6. For every (dy, 6)) pair, a unifocal phase law can be calculated using (2).
Then, a multi-focal optimization algorithm is required to calculate a single phase law for the
RA panel that achieves a balanced radiation performance among several panel positions.
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STAGE 0:

Initial RA response

The multi-focal phase law should mitigate the beam de-focusing effects as the panel is
translated, equalizing the performance across the entire translation range. In doing so,
a drop in maximum gain and increased beam distortion are to be expected compared to
a unifocal non-scanning design, as the panel cannot be fully tailored to any one specific
focal position.

In multi-focal designs, introducing a carefully selected phase reference A¢y to each
unifocal phase law before the optimization process can yield significant performance
improvements [19,24]. The selection of these phase references can be integrated into the
optimization, but this typically requires a complex optimization algorithm to handle the
simultaneous tuning of the entire phase law (i.e., the phase response of every cell), in
addition to the phase references. This is a slow and complex process that can impose a
limit on the number of panel positions being considered. An alternative is introduced
in [17] with the multi-feed phase-only optimization algorithm (MF-POO), which will
be used as part of the design process presented below. This algorithm is a multi-focal
technique that integrates the phase references into the optimization process. However,
it does so without requiring a large optimization process, as it relies on a series of much
faster single-parameter optimizations to iteratively find the optimal solution. This reduces
computational costs, while enabling the optimization of many panel positions to ensure
stable antenna performance. MF-POO also introduces a weighting factor wy to each
configuration being optimized (i.e., each panel position for the presented antenna geometry).
These can be adjusted to control the influence of each unifocal phase law in the optimization
process, which in turn enables the fine control over the scan loss for a set of panel positions.
Because of its fast convergence and the ability to control the scanning losses, ME-POO will
be selected over other multi-focal optimization algorithms for the optimization process
described below.

3.1. Scanning Range Enhancement

A major design challenge of the proposed antenna geometry is that it is not clear
how to relate the panel positions dj and the beam directions 6 to achieve good scanning
performance. As a result, a multi-focal optimization cannot be directly used to calculate the
final phase law. Instead, the iterative process represented in Figure 2 is used, where the
translation range is gradually expanded while reinforcing the natural beam scanning of
the antenna geometry. The exact panel size required to accommodate the final translation
range is initially unknown, so Dy is purposefully overestimated at this point.

STAGE 1: STAGE 2: SLL reduction

Beam scanning range enhancement

Assign a negative weight to

Update intended beam
angles Hg) to the ones
achieved by ¢£L171)

4_

Unifocal phase law
for dg — OE)ZZO)

Initial set of
panel positions:
d=0 = {do}

v

-Re-optimize phase law
with updated requirements,
obtaining ¢£f’

-Tune weights wy, to
achieve uniform gain

-Expand d® by one or more
positions on each end

-Evaluate rad. patterns using
; (-1)
previous phase law ¢,

Y

No

Is desired scan Yes
range covered?

the new pair (di, 637),
penalizing it in the
optimization process. Keep
other weights untouched.

Define OfL as an additional
intended beam direction for d

f

v

Re-optimize phase law,
obtaining ¢£}’ .

Are all SLLs
adequate?

Y

Figure 2. Multi-stage optimization process of the RA response.

The design process starts with a unifocal analytical phase law for dy and a beam angle
of 6y = 26°, calculated using (2). The scanning performance of this phase law is evaluated

-Evaluate rad. patterns using
previous phase law ¢(-1)

-Identify position with highest
SLL d} and the side lobe
direction G;ZL

Final optimized phase
law
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by calculating the radiation pattern for panel positions close to do:d11, d12, and d43. These
positions are selected as the first set of positions to optimize. For each of these positions
dk, an intended radiation direction 6 is assigned. This intended direction matches the
beam direction observed for the unifocal phase law. Having defined a set of positions and
intended directions, the first multi-focal optimization can be performed to calculate a new
phase law that equalizes the gain level for this small set of panel positions.

The above process is repeated until a beam steering range from 0° to 45° is covered. For
every [-th iteration, the set of panel positions is expanded. Then, the radiation performance

)

The intended beam direction 6y for every position is the calculated beam direction from

of the previous phase law, gbr(,l*l , is evaluated at every panel position in the updated set.
the previous phase law. This reinforces the natural tilting of the beam, and it gradually
updates the relation between the panel position and the beam pointing. Once the set of
panel positions and its associated set of intended radiation directions are updated, another
multi-focal optimization is performed to calculate a new phase law qb,(ll). In doing so, the
weighting factors of every position wy are tuned to ensure that scanning losses remain
below 1.5 dB in the new optimized range.

This process is repeated for a total of nine iterations, requiring 24 panel positions from
d_15 to dq11. The panel positions being considered and the intended radiation direction for
each of them are listed in Table 1. Six positions are introduced in the first iteration (three
on each side of dy) and four in the second. Starting with iteration 3, only one position is
introduced on each side of the previous translation range to ensure a slow and gradual
increase in scanning range and to improve the convergence of the optimization algorithm.
This iterative design technique progressively expands the usable beam steering range and
adapts the radiation angles for each position.

Table 1. Intended radiation direction 6 (in degrees) for each panel position throughout the optimiza-
tion process. The red numbers indicate secondary radiation directions which are assigned a negative
optimization weight to mitigate specific side lobes.

Stage 1 Stage 2
Iteration /
1 2 3 4 5 6 7 8 9 10 11
d_1p | - - - - - - - - - 0.7 0.7 0.7
d_11 | - - - - - - - - 3.1 2.2 2.2 2.2
d_q | - - - - - - - 5.5 4.6 3.7 3.7 3.7
d_g - - - - - - 7.9 7.0 6.1 5.2 5.2 5.2
d_g - - - - - 10.0 9.1 8.5 7.6 6.7 6.7 6.7
d_y - - - - 124 11.5 10.6 10.0 9.1 8.5 8.5 8.5
d_e - - - 14.8 13.9 13.0 12.4 11.8 10.9 10.3 10.3 10.3
d_s - - 17.2 16.3 15.4 14.5 13.9 13.3 12.4 121 121 /6.1 121 /6.1
d_y - - 19.0 17.8 16.9 16.3 154 15.1 14.2 13.9 13.9 13.9
’g d_3 - 20.8 20.5 19.3 18.4 17.8 17.2 16.9 16.3 15.7 15.7 15.7
e do - 22.6 22.0 21.1 20.2 19.6 19.3 19.0 18.4 17.8 17.8 17.8
‘% d_q - 244 23.8 22.6 22.0 21.7 21.4 21.1 20.5 19.6 19.6 19.6
8, dy 26.0 25.9 25.3 24.7 244 24.1 23.5 23.2 22.3 21.7 21.7 21.7 / 14.8
Té dq - 27.7 27.1 26.8 26.8 26.2 25.6 25.0 244 241 24.1 241
& dy - 29.6 29.2 29.2 28.6 28.3 27.7 27.4 26.8 26.2 26.2 26.2
d3 - 31.7 31.7 31.1 30.8 30.5 30.2 29.6 28.9 28.0 28.0 28.0
dy - - 33.8 33.5 33.2 32.9 32.3 31.7 31.1 30.2 30.2 30.2
ds - - 36.5 35.9 35.6 35.0 34.4 34.1 33.5 32.6 32.6 32.6
dg - - - 38.3 37.7 374 36.8 36.2 35.9 35.0 35.0 35.0
dy - - - - 40.1 39.5 39.2 38.6 38.3 374 374 374
dg - - - - - 41.9 41.6 41.3 40.4 39.8 39.8 39.8
dog - - - - - - 44.3 43.7 43.1 42.2 42.2 42.2
d1o - - - - - - - 46.4 45.8 45.5 45.5 45.5
dyg - - - - - - - - 48.5 47.9 47.9 47.9
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The antenna scanning performance throughout the design process is shown in
Figure 3a. The unifocal phase law achieves a high gain of 33.7 dBi at the focal panel
position of dy, but it rapidly drops as the panel shifts out of this position. Within the final
panel translation range, which spans between d_1, and dy1, the unifocal phase law shows a
minimum gain of 25.4 dBi, or approximately 8.3 dB of scan loss. After three iterations of
the design process, the phase law has been optimized for the range between d_¢ and dg.
This forces a drop to 32.5 dBi in maximum gain, but it also increases the minimum gain
within this optimized range from 29.8 to 31.4 dBi (or from 25.4 to 27.0 dBi, considering the
final panel translation range). After nine iterations, the phase law has been optimized for
all panel positions from d_15 to dq;. This results in a new maximum gain of 31.4 dBi, and a
minimum gain of 30.4 dBi. In other words, compared to the unifocal design, the minimum
gain has been increased from 25.4 to 30.4 dBi, and scan loss has been reduced to only 1 dB.

35 60 0
33 1 50 o 53
5 ]
31T 40 < 10 ]
= & —_ ]
8 29 ’ 30 g a
= // = : —15
£ 27 St -20 3 - ] ]
© —— Unifocal S -20 1 —— Unifocal
2 — Stage 1 (iter. 3) 10 § ] Stage 1 (iter. 3)
23 4 Beam dir. Stage 1 (iter. 9) | £ —25 — Stage | (iter. 9)
] —-—- Gain —— Stage 2 (iter. 11) ] r —— Stage 2 (iter. 11)
21 '|""|""|""|""|"*10 _30"'I""I""I""I""I'

-10

Normalized panel position di/p

=5

0

(a)

=10 =5 0 5 10
Normalized panel position d/p

(b)

Figure 3. Calculated scanning performance throughout the design process: main beam direction and

5 10

gain (a) and SLL (b) for each panel position.

3.2. SLL Reduction

The design process above introduces unwanted phase aberrations on the reflected
aperture field. These result in beam distortions in the form of high SLLs, which are
particularly prominent at specific panel positions. As presented in Figure 3b, the maximum
SLL after the scanning range optimization is —9.3 dB at d_5. Ideally, these aberrations
should be evenly spread across the entire scanning range so that no particular panel position
is too affected. In order to mitigate the highest side lobes and to spread these aberrations
more evenly across the scanning range, a second design stage is defined. The objective
of this stage is to mitigate the SLLs of the most affected panel positions. The response of
the RA panel will be refined to avoid partial collimation effects in the direction of the side
lobes. To do so, an iterative approach similar to the first design stage will be used, except in
this case the objective is to reduce collimation in the specific direction of the side lobes, as
opposed to improving collimation in the direction of the main beam.

Each iteration begins by identifying the panel position with the highest side lobe, dj.
The side lobe direction, 9,? L is selected as an additional intended beam direction for dy. As
a result, dy has two radiation objectives as follows: one for collimating towards 6; (fixed
in the previous design stage) and the other for 9;? L. This secondary radiation direction is
assigned a negative weight w,fL in the optimization process. Effectively, this means that
when the optimization process will be biased to favor a phase law that collimates towards
0 when the panel is at dj (through a positive optimization weight wy), while reducing
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partial collimation effects towards the identified SLL direction GEL (through a negative
weight w]fL).

This technique works by reducing collimation effects towards specific directions. For
this reason, it can only be applied once the RA response is nearly finalized and the direction
and level of the side lobes are well established. The response of the RA must not be altered
significantly during this refinement stage; otherwise, it is possible for the side lobes to shift
to a different direction rather than be suppressed. For this reason, this design stage is a
refinement stage, where large changes to the phase law should be avoided. To that end,
the set of panel positions and their radiation directions, as well as the optimization weight,
are fixed after the ninth iteration (end of the first design stage). Furthermore, only two
side-lobe suppression iterations are performed, and high values for —w,fL are avoided. The
two refined panel positions are d_5 and dy, and the suppressed side-lobe angle is listed in
Table 1. The effects of this refinement are shown in Figure 3, as follows: the main beam
level and radiation directions are mostly unchanged between stages 1 and 2 (Figure 3a),
but the maximum SLL is reduced from —9.3 dB to —11.7 dB (Figure 3b).

The initial and final phase responses and the offset between the two are shown in
Figure 4. The —9 dB illumination taper is overlaid for the positions 41 to highlight the
region of the aperture that is most relevant for each panel position. The main differences
between both responses occur on the edges of the panel. That is because the illumination
is lower there for the central feed positions, and thus, more effective optimizations are
possible with little effect on the other beams.

150 ’é\ 75 150

100 £ s 100
.2

50 $ 25 50
>

0 20 0
<

=50 E -25 =50
B

-100 % =50 -100
~

-150 —75 -150

0 50 100 -100 =50 0 50 100

Reflectarray x-axis (mm)

@) (b)

— 75 150
=
E 50 100
i) 50
X025
3
20 0
<
£ 25 =50
3
= —50 -100
[

—75 -150

—100 =50 0 50 100
Reflectarray x-axis (mm)

(0)

Figure 4. Calculated unifocal (<p£,0)) (a) and optimized (¢£,11)) (b) phase laws for the presented RA

antenna. The difference between the two is shown in (c) in terms of cpﬁlu) - cpﬁlo). The illumination

taper contours at —9 dB for panel positions d_; are overlaid in all three cases.
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4. Experimental Validation

To validate the results from this work, a demonstrator is manufactured and mea-
sured. The optimized phase response from Figure 4b is implemented using the unit cell
shown in Figure 5, consisting of three coplanar parallel dipoles of two different sizes. It
is implemented on a thin, single-layer DiClad 880 substrate at 0.762 mm thickness, with
a permittivity €, = 2.3 and a loss tangent tané = 0.005. This cell has been introduced
before in previous works [32,33]. The two dipole sizes resonate at two different frequencies,
resulting in a smooth and highly linear phase response that can improve the bandwidth of
the antenna. Its good angular stability is also particularly important for this phase-only
design, as the angle from which each array element is excited depends on the position of
the panel, and a stable cell response is desired. With the dimensions listed in Figure 5a, a
full phase cycle (360 degrees) is covered while losses are kept below 0.5 dB.

150 pessosssa 0.0
100 - —0.2
50 - 0.4

- —0.6

6;=0°¢;=0°

100 _ 6;=45°¢;=0° L 10

Phase £ pxx (deg)
g o
L
Amplitude | pxx| (dB)

] — 06;=45° ¢;=30°
0F — 6,=60° 9,=0°

] ' did - —1.2
_200': —— Phase

1 --- Amplitude - —1.4
—250

LA B R A BN AL B AL BN BELE A AL BELENLENLE A LR B
2.00 2.25 2.50 2.75 3.00 3.25 3.50 3.75
Center dipole length L (mm)

(b)

Figure 5. Reflectarray unit cell geometry (a) and its direct reflection coefficient pyy at 29.5 GHz (b),
simulated in Ansys HFSS under periodic boundary conditions.

The manufactured demonstrator is shown in Figure 6. The panel slides along a 3D-
printed rail, and it is fixed at multiple predefined positions for the measurements. The full
3D antenna gain pattern is measured at these positions. Figure 7 compares the gain cuts
along the scanned plane between the measurements and the calculated predictions at the
design frequency of 29.5 GHz. A good match is observed, with the prototype achieving
a maximum gain of 31.6 dBi with a scan loss of 1.1 dB for over 45 degrees of scanning
range. Scanning outside the optimization range at d1; results in a 50-degree beam tilt with
losses of 2.8 dB. Side lobes are kept below —9.9 dB. Since the support structure is mostly
3D-printed and it contains moving parts, any discrepancies in the results may be attributed
to minor alignment errors. The aperture efficiency at 29.5 GHz is 24.7%, which is calculated
by comparing the antenna gain with that of an ideal, uniformly illuminated aperture of the
same size [31]. This antenna design, however, is based on a partial aperture overlap among
panel positions, meaning that only part of the RA aperture has a noticeable contribution to
the radiated field at any given panel position. If we only consider the aperture area where
the illumination taper is over —12 dB, the aperture efficiency is increased to 34.6%.
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Figure 6. Manufactured demonstrator with a sliding rail (left) in our spherical range measurement
facility (right).
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Figure 7. Measured and calculated gain cuts at ¢ = 0° and 29.5 GHz, for different predefined panel
positions, where p = 4.07 mm. For the calculation, the response of every cell in the array was
simulated in HFSS.

The measured in-band antenna performance is presented in Figure 8. The scanning
range is most affected at highly obliquely radiating positions, and particularly below the
design frequency. For a 45-degree scanning range, scan losses are kept below 2 dB, from
28.5 to over 32 GHz, and below 3 dB, starting at 28 GHz. To compare these measurements
with the expected performance, the feeding horn and the RA layout are also simulated over
a broad band, and the radiation pattern is calculated at multiple panel positions. Focusing
exclusively on the set of measured positions that fall within the optimized translation range,
the minimum and maximum beam levels among these positions are represented in Figure 9
for both measurements and simulations. The measured results show a good match with the
simulations, and the variation in maximum gain of the measured prototype is only 0.83 dB
between 28.5 GHz and 32.0 GHz (11.9% bandwidth).
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Figure 9. Broadband demonstrator performance in terms of the maximum and minimum beam levels

within the optimized panel translation range.

Compared to other beam-scanning reflectarray designs (see Table 2), the proposed
antenna prioritizes mechanical simplicity by relying on a single stepper motor to achieve
linear in-plane panel translations. This contrasts with more complex mechanical imple-
mentations, such as systems employing multiple moving components like [22] or feed
translations like [23]. These more complex systems benefit from a more flexible antenna
geometry that enhances their scanning performance at the expense of added complexity.
Some of the listed designs like [17,19] overcome their mechanical complexity by targeting
fixed multi-beam configurations using multiple coexisting feeds, as opposed to having a
single feed capable of facilitating the smooth, continuous steering of the beam. Compared
to the entries listed, the presented design achieves the highest gain (31.6 dBi) while main-
taining the smallest focal ratio (F/D = 0.47) and very low scanning losses. A particularly
relevant entry is [27], which uses a similar scanning mechanism using a rollable panel
instead of a moving one. Compared to [27], our design achieves a significantly higher
maximum gain (exceeding it by more than 6 dB), a lower scan loss over the same scanning
range, and improved aperture efficiency, all while using a more compact and structurally
efficient configuration. However, because of this compact structure, side lobes are increased
even after the SLL mitigation stage used during the design process.
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Table 2. Comparison with other related beam scanning designs.
Max. Scan Scan
Freq. . Apert. Band- SLL
Ref.  Approach CS/MB @ Gain Range Loss . ) FID .
(GHz) (@Bi) (deg) @B) Effic. Width (dB)
[1o) ~ Folded RA with polarizer, =y 26.5 246 58 2.1 15.0% 071 126%@ g5
feeders embedded in panel 3dB
[2)  Folded RA, Risley prism cs 10.0 215 0<45 23 31.2% 084  115%@ A @
using two rotating panels (2D) 3dB
(177 ~ Multiple feeds along MB 29.5 282 90 05 6.8% 0.58 68%@  NA D
tilted focal arc 1dB
(23] Feed movements along . cs 12.0 26.2 140 4.9 42.5% 1.0 42% @ NA @O
focal arc and panel rotations 1dB
[p7) ~ Linearpanel ranslations g 140 25.1 © 15 17.9% 08 NA® 150
using rollable panel
This  In-plane linear 11.9% @
. CSs 29.5 31.6 45 1.1 24.7% 0.47 770 -9.9
work  panel translations 1dB

@ CS: Continuous Scanning; MB: Multi-beam; NA: Not Available. @ Efficiency is calculated for all entries using
the definition stated in this paper. Other equally valid criteria may be used in the listed works.

5. Conclusions

A 1D beam-scanning RA antenna is presented as a cost-effective solution for millimeter-
wave satellite communication terminals. The antenna is designed to prioritize mechanical
simplicity while featuring a remarkably low focal ratio of F/Dy = 0.47. Despite using
a simple steering approach based on in-plane panel movements, a continuous scanning
range of 45 degrees is covered with a low scan loss of only 1.1 dB and a gain of 31.6 dBi.
Compared to existing works, this antenna achieves a higher gain and comparable or lower
scanning losses while featuring a significantly more compact form factor. To design this
antenna, a multi-stage process is used. First, the scanning range is gradually expanded,
while ensuring a highly uniform beam level across the entire scanning range. Once the
desired range is achieved, a novel technique is proposed to reduce the SLLs without
degrading the antenna’s performance. To do so, a multi-focal optimization is re-purposed
to negatively bias collimation in the direction of the side-lobe, achieving a SLL reduction
of up to 2.3 dB. To the best of the authors” knowledge, this is the first application of a
multi-focal optimization in such a way. Its use was motivated by the particular challenges
created by such a low focal ratio, but this technique should be applicable to other future
mechanically scanned reflectarray antenna designs.
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